The formation of trihalomethane (THM) from 37 organohalogen compounds, disinfection by-products, was measured by the headspace-gas chromatography/mass spectrometry (GC/MS) method. Among these 37 organohalogen compounds, 10, including trichloroacetones, trihaloacetonitriles and trihaloacetic acids, produced THMs upon heating of aqueous solutions at 60°C for 30 min in a headspace sampler. The amounts and composition of THMs produced by heating depended on the position and number of the bound chlorine or bromine. In addition, the production of THMs from some of the organohalogen compounds upon heating was strongly affected by pH, temperature and heating duration. These results suggest that the headspace-GC/MS method overestimates the net concentration of THM due to positive errors.
hexane extraction-GC/ECD method. The first three of these methods 12) give positive errors in the quantification of THMs in drinking water derived from polluted rivers. In the headspace-GC/MS method, the major cause of such errors is thought to be heating and moisture.
In this study, we measured the formation of THM from 37 organohalogen compounds in aqueous solution upon heating, which simulated the headspace-GC/MS method, and investigated the effects of various experimental conditions on THM formation.
MATERIALS AND METHODS
Thirty-seven organohalogen compounds (Table 1) 
INTRODUCTION
Chlorine has been used to treat water supplies since the beginning of the twentieth century, and this disinfection has markedly reduced the incidence of infectious diseases spread via water. 1) However, in the mid-1970's, it was found that such treatment generates trihalomethanes (THMs), 2, 3) and these byproducts are closely related to carcinogenesis in humans and animals. [4] [5] [6] [7] [8] Among THMs, chloroform and bromodichloromethane have recently been classified as group 2B carcinogens by the International Cancer Research Institution. 9, 10) Therefore, the trihalomethane content in the water supply is now the subject of attention and is often measured.
11)
The main methods used to quantify THMs are the purge and trap-gas chromatography/mass spectrometry (GC/MS) method, headspace-GC/MS method, headspace-electron capture detector/gas chromatography (headspace-GC/ECD) method and
To whom correspondence should be addressed: The Tokyo Metropolitan Research Laboratory of Public Health, 3-24-1, Hyakunincho, Shinjuku-ku, Tokyo 169-0073, Japan. Tel.: +81-3-3363-3231; Fax: +81-3-3368-4060; E-mail: yasuot@tokyo-eiken.go.jp nol or methyl-t-butylether (MTBE) to prepare standard stock solutions (1000 mg/l). These solutions were diluted in methanol to make standard solutions (50 mg/l) every month. THM standard solution for the examination of water quality (Wako Pure Pharmaceuticals Inc.) was dissolved in methanol to prepare a standard solution (50 mg/l) every month. The standard stock solutions and standard solutions were stored in a freezer at -20°C.
Solutions and buffers for adjusting pH were prepared with pure grade reagents (Wako Pure Pharmaceuticals Inc.) as follows; 0.6 N hydrochloric acid for pH 1.0, 5.1 g/l potassium hydrogen phthalate for pH 4.0, 85 g/l potassium dihydrogenphosphate and 88.75 g/l disodium hydrogenphosphate for pH 6.9 and 1.9 g/l sodium tetraborate decahydrate for pH 9.2.
Methanol and hexane were of THM analysis grade (Wako Pure Pharmaceuticals Inc.) and MTBE was of HPLC analysis grade (Nacalai Tesque Inc. Kyoto, Japan).
Water purified by a Milli-RO/Milli-Q system (Nihon Millipore Inc., Tokyo, Japan) was boiled and cooled before use. Special grade sodium chloride (Wako Pure Pharmaceuticals Inc.) was heated at about 450°C for 6 hr for the experiments. Apparatus and Measurement Conditions ---The equipment used included a GC (Type 5890-2, Hewlett Packard Inc., Tokyo, Japan), an MS (Type 5972, Hewlett Packard Inc.) and a headspace sampler (Type 7694, Hewlett Packard Inc.) ( Table 2) . THMs were quantified under the conditions shown in Table 2 . Quantification Methods ---Three grams of sodium chloride, 10 ml buffer or 10 ml of 0.6 N hydrochloric acid, an indicated amount of organohalogen compound and a fixed amount of internal standard solution (4-bromofluorobenzene) were placed in a 22-ml vial which was then tightly closed. The vial was set in the headspace sampler adjusted to the indicated heating temperature for the indicated duration, and THMs were quantified by the headspace GC/MS method. 
RESULTS AND DISCUSSION

THM Formation from Organohalogen Compounds in Water upon Heating
The 37 organohalogen compounds shown in Table 1 are disinfection by-products using chlorine. Almost all of these organohalogen compounds are thought to be intermediates that eventually become THMs and dihaloacetic acids. 13) Neutral solutions (pH 6.9) of each of the 37 organohalogen compounds were prepared at a concentration of 300 ng/ml, and THMs produced by heating in the headspace sampler at a temperature of 60°C for 30 min were quantified by GC/MS. As shown in Table 1 , THMs were detected from aqueous solutions of 10 of these 37 organohalogen compounds, including 2 trichloroacetones, 4 trihaloacetonitriles and 4 trihaloacetic acids.
THMs are likely produced by hydrolysis of 1,1,1-trichloroacetone and by decarboxylation of trihaloacetic acids. In the case of 1,1,3-trichloroacetone, chloroform may be produced via some chlorine migration, since no isomers were detected in a sample of 1,1,3-trichloroacetone by flame ionization detector/gas chromatography (GC/FID). The production of THMs from trihaloacetonitriles seems to occur by decarboxylation of the corresponding trihaloacetic acids formed by hydrolysis of the cyano group.
In the haloform reaction theory, trichloroacetaldehyde (chloral hydrate) is generated by the reaction between ethanol and chlorine, oxidation and chlorination reaction, and then decomposed by hydrolysis to chloroform under basic conditions. However, Areguello 14) and Rook 2) did not detect chloroform originating from ethanol in the treatment of water with chlorine. This is likely due to the difficulty of hydrolysis of trichloroacetaldehyde to chloroform under neutral conditions. We also did not detect chloroform or bromoform in neutral solutions of trichloroacetaldehyde and tribromoacetaldehyde, respectively, by heating at 60°C for 30 min. However, under basic conditions, THMs were readily produced from trihaloacetaldehydes by hydrolysis, regardless of the heating temperature.
Effect of Experimental Conditions on THM Formation from Trichloroacetones, Trihaloacetonitriles and Trihaloacetic Acids
Aqueous solutions of the 10 organohalogen compounds from which THMs were produced were adjusted to pH 1.0 (strong acid), 4.0 (acid), 6.9 (neutral) or 9.2 (base). THMs produced by heating at different temperatures for different durations in the headspace sampler were quantified by GC/MS. The results for the 2 trichloroacetones, 4 trihaloacetonitriles and 4 trihaloacetic acids are shown in Figs. 1-3 , respectively. Figure 1 shows that the production of chloroform from 1,1,1-trichloroacetone was hardly affected by the heating temperature or duration tested in this study, but was markedly affected by the pH of the aqueous solutions used to prepare the samples. The amounts of chloroform produced under the basic Fig. 1 condition was almost 100 mmol%, but this was reduced under the neutral condition, followed by the acidic and strongly acidic conditions. On the other hand, 1,1,3-trichloroacetone produced chloroform in about 3 mmol%, regardless of the heating temperature, duration time or pH tested in this study. As shown in Fig. 2 , the production of chloroform from trichloroacetonitrile was not detected under the various conditions tested. The production of THMs from trihaloacetonitriles containing bromines tended to increase with an increase in the heating temperature, especially at a temperature above 60°C, and with an increase in the number of bromines. Trihalomethane production was clearly pH-dependent in the case of dibromochloroacetonitrile and tribromoacetonitrile, which produced the greatest amount of THMs under the basic (pH 9.2) condition. The amount of bromoform produced from tribromoacetonitrile was about 50 mmol% under the basic condition. The strongly acidic (pH 1.0) condition inhibited THM formation.
Fig. 2. Amounts (mmol%) of Trihalomethanes Produced from Trihaloacetonitriles in Aqueous Solution with Heating as Described in
As shown in Fig. 3 , the production of THMs from trihaloacetic acids with 0-2 bromines increased with an increase in the number of bromo substituents. Tribromoacetic acid produced bromoform in almost 100 mmol%, regardless of the pH. Since bromodichloroacetic acid and dibromochloroacetic acid contained other trihaloacetic acids as an impurity, THMs other than bromodichloromethane were formed in bromodichloroacetic acid solution, and accounted for less than 5 mmol% of the bromodichloromethane detected. Dibromochloroacetic acid also produced THMs other than dibromochloromethane, and accounted for less than 5 mmol% of dibromochloromethane detected.
The production of THMs from trihaloacetic acids by heating at 60°C was almost constant, regardless of the heating duration and pH. These results suggest that trihaloacetic acids with 0-2 bromo substituents are easily decarboxylated with an increase in the heating temperature to become THMs. On the other hand, trihaloacetic acid with three bromines was easily decarboxylated, regardless of the heating temperature and duration and pH, and all of the tribromoacetic acid became bromoform.
Measurement of THMs by the Headspace-GC/MS Method
A typical procedure for measuring THMs by the headspace-GC/MS method, 15) which is the official method, is as follows. A 10 ml water sample is placed in a 22-ml vial, adjusted to pH2, and 3 g sodium chloride is added. The water sample is agitated in a headspace sampler-GC/MS at 60°C for 30 min, and THMs are quantified. Kajino et al. 16) indicated that the production of THMs from intermediate organohalogen compounds is suppressed by acidification of the water sample. However, as shown in Figs. 1-3 , THMs were produced by 30 min of heating at 60°C under the strongly acidic condition.
We examined halogenated disinfection by-products 17, 18) in water samples collected from a water service pipe in the Tokyo metropolitan area by a multi-component systematic analytic method, 19) which is a kind of hexane extraction-GC/ECD method that we developed. Table 3 shows that several organohalogen compounds other than THMs were detected in the water supply by the hexane extraction-method. However, with the headspace-GC/ MS method, such compounds were not detected but the concentration of THMs was overestimated because of positive errors due to THMs produced in the analytical procedures. Furthermore, there may be more organohalogen compounds that cause positive errors than those tested in this study. Therefore, the headspace-GC/MS and -GC/ECD methods are inappropriate for the official measurement of THMs.
In conclusion of this study, we examined the formation of THMs by heating aqueous solutions containing 37 organohalogen compounds as byproducts of halogen disinfection, and observed the generation of THMs from trichloroacetone, trihaloacetonitriles and trihaloacetic acids. These organohalogen compounds can be detected in water supplies and in swimming pool water after chlorine treatment. When THMs in such water samples are quantified by the headspace-GC/MS or -GC/ECD method, the concentration of THMs must be overestimated. This was actually demonstrated in an analysis of tap water in Tokyo.
Based on these considerations, we recommend the following hexane extraction-GC/ECD method for the measurement of THMs: After residual chlorine is removed, water samples are weakly acidi- The trihalomethanes values estimated on the basis of trihalomethane production during headspace-GC/MS measurement (heating at 60 • C for 30 min) of strongly acidic solution of the organohalogen compounds are added to those in tap water determined by hexane extration-GC/ECD method. -: Impossible determination.
fied, and hexane extraction with 3 min of agitation is performed 2 times. The hexane extracts are combined and dehydrated, and subjected to GC/ECD for quantification of THMs.
